Aromatic amines (AAs) are common chemical pollutants and banned ingredients in cosmetics. In this study, a rapid, simple and stable method for the detection of nine AAs in cosmetics was established based on the optimization of cation exchange solidphase extraction and liquid chromatography tandem mass spectrometry. The method displayed good linearity within a range of 2 -1,000 mg/kg, with limits of quantitation at the level of mg/kg for cosmetic samples. The recoveries obtained for all analyzed amines ranged between 83.6 and 97.8%, and the repeatability (r) and reproducibility (R) values indicated that all nine AAs showed good precision (r 4.5% and R 7.7%). The method was applied for the detection of 36 cosmetic samples. It was found that the primary pollutants of AAs were 3, 3'-dichlorobenzidine and 4-aminoazobenzene. The total amine concentration in cosmetic samples ranged from 880 to 5,200 mg/kg. The proposed method is applicable for the analysis of most cosmetic samples.
Introduction
Aromatic amines (AAs) are common by-products of chemical manufacturing and contaminants of dyes, textiles, plastics and food packages. AAs are of high toxicity based on the classification of the rules of Cramer et al. (1) , and are suggested to be carcinogenic compounds (2) . The toxicological properties of AAs are primarily characterized by their ability to form DNA adducts and to cause damage to DNA (3) . The limitation of residues of AA is formulated in textiles (4), plastics and food packages (5, 6) . AAs are also banned ingredients in cosmetics according to the European Union council directive of July 27, 1976, on the approximation of the laws of the member states relating to cosmetic products (76/768/EEC) (7) .
Various technologies have been developed for the determination of AAs, such as gas chromatography -mass spectrometry (GC-MS) (8, 9) , high-performance liquid chromatography (HPLC) with online post-column photochemical derivation (10) , and HPLC with mass spectrometry (11) (12) (13) . Previous experiments conducted with a GC-MS system in the authors' laboratory resulted in unsatisfactory recovery and accuracy, partly due to the poor stability and high volatilization of AAs. Based on the analysis of the molecular structure of AAs, the methods of cation-exchange solid-phase extraction (SPE) and liquid chromatography tandem mass spectrometry (LC -MS-MS) were applied to test the contamination of nine aromatic amines in cosmetics, including benzidine, 4,4'-oxydianiline, o-anisidine, 3,3'-dimethylbenzidine, 2,4,5-trimethylaniline, 4,4'-thiodianiline, 5-nitro-o-toluidine, 4-aminoazobenzene and 3,3'-dichlorobenzidine, which were banned ingredients according to 76/768/EEC (6) and the Hygienic Standard for Cosmetics (14) .
AAs in cosmetics primarily come from the decomposition of azo dyes, which are extensively used as colorants in lipsticks, rouges, nail polishes and hair dyes. Aromatic hydrocarbons may be another source of AAs during the processing of cosmetics. Although many reports indicate that AAs are present in various commercial products, it has not been clearly demonstrated whether cosmetics on the market are contaminated by AAs. Because cosmetics are widely used, especially by female consumers, it is necessary for safety purposes to determine the contaminant status of AAs in cosmetics on the market through a valid method. This study aims to develop a rapid and effective method to test the contamination of AAs in different cosmetics by using an LC-MS-MS system.
Experimental Procedures
Reagents and chemicals Trichloroacetic acid (AP) and ammonia (25 -28% solution, AP) were bought from Huadong Medicine Co. (Hangzhou, P.R. China), acetonitrile (HPLC grade) and methanol (HPLC grade) were acquired from Fisher Scientific (Fair Lawn, NJ); formic acid (96% solution, HPLC grade) was acquired from Tedia (Fairfield, OH).
Benzidine, 4,4'-oxydianiline, o-anisidine, 3,3'-dimethylbenzidine, 2,4,5-trimethylaniline, 4,4'-thiodianiline, 5-nitro-o-toluidine, 4-aminoazobenzene and 3,3'-dichlorobenzidine were obtained from Sigma-Aldrich (St. Louis, MO), and all were of analytical quality. Oasis MCX extraction cartridges (60 mg/3mL) and the manifold system were purchased from Waters (Milford, MA). Cosmetics were purchased from local commercial suppliers.
Standard solutions
A standard stock solution (10 mg/mL) was prepared in methanol and stored in the dark at 48C for no more than one month. Standard working solutions (0.001-1 mg/L) were made by appropriate dilution of the stock standard solution with methanol, and these standard working solutions were prepared weekly and stored at 48C in case of possible amine degradation.
Sampling and sample preparation Cosmetic samples, including cleanser, facial mask, sunscreen, moisturizer, whitening cream, hair dye, lipstick and gel, were obtained from commercial products in China. A 0.5 g amount of the cosmetic sample was put into a centrifuge tube (25 mL) and 8 mL of trichloroacetic acid solution (1% in purified water, w/v) and 2 mL of acetonitrile were added (the concentration of acetonitrile was approximately 20%). The mixture was shaken thoroughly on a vortex mixer for 1 min to homogenize the sample. The tube was centrifuged at 4,000 rpm for 10 min and the supernatant was filtered with a 0.45 mm microporous membrane. Because 20% acetonitrile in filtrate was not acceptable for the next cleanup procedure, the filtrate was diluted five times with trichloroacetic acid solution (1%) for SPE, in which the concentration of acetonitrile was approximately 4%.
SPE
The entire cleanup procedure was based on the SPE method developed for food packaging by Aznar et al. (12) , as described in the following.
The cartridges were conditioned with 5 mL of methanol and equilibrated with 5 mL of trichloroacetic acid solution (1%). Next, 10 mL of the sample solution was passed through the cartridges at approximately 1 mL/min. The cartridges were cleaned with 5 mL of trichloroacetic acid solution (1%) and dried with vacuum. Finally, they were eluted with 2 mL of methanol containing 5% (v/v) NH 3 . H 2 O. The eluate was collected and 1 mL was injected into the LC-MS-MS system for analysis.
LC -MS-MS
Chromatography was conducted in an Agilent LC 1200 series equipped with an XDB-C18 column of 1.8 mm particle size (50 Â 4.6 mm). Distilled water containing 0.1% (v/v) formic acid and acetonitrile were the mobile phases A and B, respectively. Gradient elution was applied to obtain acceptable separation. Mass spectrometric analyses were conducted using a triple quadrupole mass detector (Agilent 6410B) with electrospray ionization (ESI) in positive mode. Acquisitions were conducted in selected ion recording (SIR) and multiple reaction monitoring (MRM) modes. The LC -MS-MS ESI conditions were optimized by tuning with a 50 mg/L solution of AAs dissolved in methanol at 0.3 mL/min. The primary analytical parameters of LC and MS are summarized in Table I . A signal/noise ratio above 3 associated with the expected retention time allowed the identification of the analyte. The precision and accuracy of the method were evaluated by repeating the same analytical procedure three times. An overview of the ionization mode, precursor ion, product ions, cone voltage and collision energies of each compound is shown in Table II .
Results
Optimization of extraction procedure Trichloroacetic acid solution was used for protein precipitation and acidification of extraction buffer; 20% acetonitrile was used to increase the solubility of the cosmetic samples. Before SPE, acetonitrile in the extraction buffer was diluted to 4% by trichloroacetic acid solution. Because of poor stability and high volatilization, rotary evaporation or nitrogen blowing were avoided in the extraction procedure. The optimization of extraction resulted in acceptable accuracy. The spike recoveries of AAs in cosmetics are shown in Table III .
LC-MS-MS
To ensure efficient separation, the blank matrix spiked with AA standards (0.1 mg/kg) was injected into LC-MSMS and a gradient of the mobile phase was applied. The results are shown in Figure 1 . The mass spectrometry parameters are summarized in Tables I and II; all AAs showed good sensitivity except 3, 3'-dichlorobenzidine, whose response value was lower than the other eight compounds. Additionally, 5-nitro-o-toluidine showed good sensitivity, although it was reported to be undetectable in a previous study (10) . The entire separation and analysis procedure was finished within 20 min. Although one overlap of two AAs was observed, they were benzidine and 4, 4'-oxydianiline, and the retention time for both was at 2.1 min. However, the overlapping in LC did not affect the quality or quantification of MS.
Limits of quantitation and calibration curve A measurement of 10 times of the standard deviation (SD) of noise in the negative AAs was used to estimate the limit of quantitation (LOQ), and the LOQ was measured by spiking seven aliquots of negative AA samples. The results showed that the LOQ of nine AAs ranged from 2 to 15 mg/kg, depending on the sensitivity of each AA. A series of standard solutions ranging from 0 to 1 mg/kg was used to create a calibration curve; these were extracted following the SPE extraction protocol and the extracts were analyzed by HPLC-MS-MS. The calibration curve was plotted and the linearity was assessed. Regression coefficients were over 0.99 for all amines. The linear range varied from 2 mg/kg to 1 mg/kg. This range was appropriate for the analysis of cosmetic samples. The LOQ values and calibration curve parameters are shown in Table III .
Precision and accuracy
Precision was judged by repeatability (r) and reproducibility (R). The repeatability was determined by analyzing six sets of quality control samples with the same concentration (approximately 50 mg/kg). The reproducibility was generated by measuring the same quality control sample in six different laboratories. The repeatability was processed in the same time in the authors' lab (intra-day), and the reproducibility was processed on different days in six different labs (inter-day). The values indicated that all nine AAs showed good precision (r 4.5% and R 7.7%). The accuracy was measured by recovery, which was evaluated by comparing the mean peak areas of 10 processed spiking samples with those of unprocessed direct reference standard solutions at the same concentrations (approximately 50 mg/kg), and the analysis of accuracy was also based on inter-day (three days) and intra-day validation. The results show that the spiking recoveries of eight AAs reached over 90%, except for one (3, 3'-dichlorobenzidine), which was approximately 84% (intra-day 83.6% and inter-day 84.5%), which is possibly because of the lower sensitivity. No significant differences in accuracy were observed between inter-day and intra-day analyses. In summary, the precision and accuracy were satisfactory, indicating that the sample preparation procedure is suitable for the analysis of AAs in cosmetics. The precision (indicated by r and R) and recoveries are shown in Table III .
Stability and matrix effects
The negative cosmetic samples, including cream, hair dye, lipstick, gel, cleanser and facial mask, were spiked with the AA standard (0.1 mg/kg) to test the stability of the method. The method showed good stability at room temperature or lower ( 258C) in a week. When the temperature was over 608C for 2 h, the detection values were slightly lower, possibly as a result of volatilization or decomposition of the AAs; the same results were observed when a sample preparation process lasted for over a week. Matrix effects were measured by the standard addition method. Six spiked solutions were prepared and added to different samples. Each sample to which the solution was added (spiked sample) was reflectometrically analyzed to determine and calculate the recovery rate of the addition. The results showed that the values of the recovery rate ranged between 83 and 107%, indicating that the matrix interference was not obvious.
Cosmetic sample analysis
Thirty-six cosmetic samples were assayed, including cleanser, cream, moisturizing water, talcum powder, lipstick, hair gel, hair dye, skin oils and shampoo. Each sample was completely homogenized and 0.5 g was taken for detection, followed by sampling and sample preparation (described previously). It was found that almost all samples contained 3, 3'-dichlorobenzidine and 4-aminoazobenzene, and the level of the latter was up to 2,000 mg/kg in some samples; other AAs such as benzidine, 4,4'-oxydianiline and 3,3'-dimethylbenzidine were also found in certain cosmetics. However, o-anisidine, 2, 4, 5-trimethylaniline, 4,4'-thiodianiline and 5-nitro-o-toluidine were not observed in these samples. The distribution of AAs in cosmetic samples is shown in Figure 2 .
The concentrations of AAs varied with different cosmetic samples. Each analyte of AA in cosmetic samples was calculated, and the mean values were used to simplify the comparison of contamination among different kinds of cosmetic samples. As shown Table IV, hair gel had the highest concentration of total AAs (approximately 7 mg/kg), followed by facial mask (approximately 5.2 mg/kg); the lowest was cleanser (approximately 0.88 mg/kg).
Discussion
The SPE cleanup is a critical process for the accuracy of a method, and the type of SPE depends on the structure of analyte. An AA is an amine with an aromatic substituent, that is -NH 2 , -NH 2 or nitrogen group(s) attached to an aromatic hydrocarbon, whose structure usually contains one or more benzene rings. The amines of molecular AAs provide a charge in acid extract buffer, so a sulfonic acid strong cation exchange column is an optimal choice for SPE, which was also proved by the good recovery of this method. The analytical instrument is another important factor for the sensitivity and stability of a method. Compared with GC-MS, HPLC and LC-MS are more suitable for the detection of AAs in cosmetics due to the convenience and stability of sample preparation. At first, an HPLC method was developed according to a previous publication, and but the sensitivity was unsatisfactory. Moreover, some AAs were overlapped in the LC spectrum, although a better column for separation was used. However, the limits of detection of LC-MS-MS can be up to 1,000 times greater than ultraviolet detection, which makes it possible to detect very low concentrations of AAs (mg/kg level) in cosmetics, and the high selectivity of MS-MS avoids the inaccuracy caused by the poor separation of HPLC. The high selectivity and sensitivity of LC-MS-MS allow it to be the best choice for the detection of AAs in cosmetics. Although it has been reported that ultra-performance liquid chromatography offers faster separation and better resolution (10), a conventional HPLC with a C18 column of 4.6 mm internal diameter and 1.8 mm particle diameter was used in this study, because HPLC is more widely used. The results showed that the column used in this study also provided good separation, despite one overlap, and this drawback was offset by the high selectivity of MS-MS.
Although cosmetic samples have completely different matrices and ingredients, matrix interferences were not obvious, perhaps due to the following reasons: (i) the specific SPE extraction leading to the efficient purification of the AAs in samples; (ii) the efficient separation; the application of an appropriate column for separation and gradient elution avoids most interferences; (iii) the high selectivity of MRM in MS-MS may also help to differentiate each analyte and interference. However, the standard addition method and calibration curve are suggested to produce a more accurate result, especially for the sample containing a trace amount of AAs.
Conclusion
This study described a sensitive, specific and accurate LC-MS-MS method for the determination of AAs in cosmetics and found a relatively rapid, simple and stable process for sample preparation. Therefore, the proposed method is applicable for the analysis of most cosmetic samples. 
